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Purpose: This study evaluated tensile bond strength (TBS) between anterior acrylic teeth 
and denture bases made of high-impact heat-cured acrylic resin (HI PMMA) impregnated 
with zirconia nanoparticles.
Materials and Methods: A total of 30 specimens (each specimen containing a set of six 
upper anterior teeth) were fabricated from HI PMMA denture base acrylic resin reinforced 
with different weight concentrations of zirconia nanoparticles: 0% (control), 1.5%, 3%, 5%, 
7% and 10%. TBS was tested according to a British standard (BS EN ISO 22112: 2017). 
A one-way analysis of variance (ANOVA) was employed with a Tukey post-hoc test.
Results: TBS values between the anterior teeth (central and lateral incisors and canine) and 
HI-PMMA denture base groups containing 7 wt.% (261.5 ± 66.0 N, 172.5 ± 57.4 N and 
271.9 ± 86.3 N) and 10 wt.% (332.1 ± 122.9 N, 165.4 ± 48.7 N and 301.6 ± 73.2 N) zirconia 
were significantly lower compared to the control group (645.4 ± 84.8 N, 306.1 ± 81.6 N and 
496.7 ± 179.1 N) and the other nanocomposite groups. However, TBS values for HI PMMA 
with 1.5 wt.% (534.4 ± 115.3 N, 304.7 ± 86.4 N, 514.0 ± 143.2 N), 3 wt.% (685.7 ± 159.6 N, 
281.1 ± 78.3 N, 462.6 ± 122.1 N) and 5 wt.% (514.5 ± 134.3 N, 229.8 ± 67.3 N, 387.2 ± 99.4 
N) zirconia showed slightly lower values than that of the control group but these were not 
significant. Failure modes between the teeth and denture base nanocomposites were pre-
dominantly cohesive fractures, which were clinically acceptable according to the Standard.
Conclusion: The addition of zirconia nanoparticles to HI PMMA denture base at high 
concentration (7 wt.% and 10 wt. %) significantly (p<0.05) reduced the bonding strength for 
all types of anterior teeth compared to the control group.
Keywords: denture, PMMA, zirconia; ZrO2, nanocomposite, tensile bond strength; TBS, 
failure mode
Introduction
Acrylic resin teeth have been widely used in the fabrication of partial and 
complete removable dentures and more recently in implant-supported 
prostheses.1 These prostheses, especially implant-retained overdentures help 
prevent bone loss and provide more stability and retention during functioning. 
They have also been shown to improve patient’s quality of life when compared 
to the conventional dentures.2 When processing acrylic teeth into an acrylic 
resin denture base such as poly-methyl methacrylate (PMMA), a strong bond is 
formed with the denture base through copolymerization with a cross-bonding 
element due to their chemical compatibility.3,4 Compared to other materials used 
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to produce prostheses, other advantages of acrylic teeth 
are ease of adjustment, low cost.2,3,5
The adhesion between acrylic teeth and denture base 
resin is one of the most important factors for desirable 
performance and durability of a denture.6,7 However, tooth 
debonding or fracture remains a major problem in clinical 
applications.8 It has been reported that the failure of den-
tures due to tooth debonding usually occurs in the anterior 
region of the denture and ranges between 22% and 
30%.2,7–12 More recently, the use of implant-supported 
prostheses and over-dentures has demonstrated improved 
masticatory function, and this has led to higher biting 
forces on the teeth. This further increases the likelihood 
of tooth debonding from the denture base.2,13 A number of 
factors could affect adhesion of the teeth to the denture 
base, such as poor chemical incompatibility between dif-
ferent types of tooth and denture base materials or 
a smaller ridge lap surface area on the tooth available for 
bonding.7–9,12 Other factors include excessive occlusal 
force or fatigue loading on the teeth during mastication, 
surface contamination due to residual wax left at the inter-
face between tooth and base material during denture fab-
rication, inappropriate use of separating medium during 
acrylic resin processing, insufficient monomer availability 
during polymerization and ineffective or sub-optimal cur-
ing methods.5,8,9,14 Evidence has also been presented that 
regular use of cleansing and disinfection chemicals could 
cause a change in the mechanical and physical properties 
of the denture base and tooth materials leading to bond 
weakening and subsequent failure.15 These factors can 
cause tooth failure either adhesively or cohesively, or 
a combination of both.3 Adhesive failure occurs along 
the junction of contact between the acrylic tooth and 
denture base and is characterized by the absence of tooth 
or denture base fragments on the opposing surface. When 
the fracture occurs completely within the denture tooth or 
denture base acrylic resin, it is called a cohesive failure. 
However, if there are any fragment of denture base mate-
rial on the tooth surface or any part of the tooth material 
on the denture base, it is called mixed mode of failure.3
Previous studies have investigated different methods to 
enhance this bond strength, and these have included 
mechanical and chemical preparation of the ridge-lap sur-
face of the tooth.10,13 The mechanical preparations 
reported are pins, diatoric undercuts, grooving, grinding 
of the glossy surface and high-energy abrasion of 
teeth1,11,16 to improve mechanical interlocking during pro-
cessing. A number of review studies also reported that 
mechanical modification of the ridge-lap surfaces of the 
acrylic teeth and demonstrated an increase in bond 
strength,8,11,16,17 although other studies did not find any 
improvement.8,11,13 Similarly, chemical modification 
employing either monomers (MMA), solvents or adhesive 
bonding agents applied to the contact surfaces11,14 in order 
to increase the chemical bonding has also been investi-
gated. Several investigators documented enhancements in 
bond strength with chemical surface treatments, but others 
found no significant improvements.8,10,11,18 Perea et al11 
evaluated the effect of various chemical surface- 
conditioning monomers on ridge-lap surfaces of acrylic 
denture teeth, and the results demonstrated an improve-
ment in the shear bond strength as the monomer systems 
caused dissolution of denture teeth. Laser surface treat-
ment was also applied to improve the bond strength 
though limited success was achieved over the chemical19 
or mechanical techniques.20
In addition to surface modifications, denture base materi-
als and their polymerization technique can have a measurable 
influence on the bond strength. Increased bond strength was 
obtained with conventional heat-polymerized acrylic resin 
when compared to microwave-polymerized acrylic resin.21 
In another investigation, light- and microwave-cured resins 
showed reduced bond strength in comparison to the conven-
tional heat-cured acrylic resins.6 However, in contrast, 
a more recent study found that microwave-assisted polymer-
ization of denture base resins could improve the bond 
strength when compared to standard techniques.22 Cardash 
et al reported that high-impact heat-cured denture base 
acrylic resin increased bond strength more than the conven-
tional resin without any impact modifier.23 However, further 
research is needed to evaluate the bond strength of high- 
impact heat-cured PMMA resin to denture teeth.
A number of national and international standards are 
available to determine bond strength, but there exists 
a wide variation in the materials used, shape, size and 
fabrication techniques of test samples and the methodol-
ogy employed for testing.8 In clinical conditions, the direc-
tion of load applied to the denture teeth during mastication 
can lead to separation of teeth by a combination of tensile, 
compressive and shear failure.6 Various methods have 
been used to estimate the adhesion bond strength between 
the teeth and denture base, and include tensile or (micro) 
tensile, shear, compression, flexural strength tests and 
finite element stress analysis.2,6
Zirconia nanoparticles have been investigated in denture 
base acrylic resin to help improve its mechanical strength 
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and to avoid premature fatigue or fracture failures.24 
According to a previous study it was determined that denture 
base nanocomposites developed with 3–5 wt.% of zirconia 
PMMA matrix can result in improved mechanical 
properties.25 However, it is acknowledged that improve-
ments in the mechanical properties of denture bases alone 
cannot fully prevent denture failures in clinical practice. 
A combination of high strength in the denture base, and 
a strong bond between the teeth and base is vital to ensure 
sound performance and durability of the prosthesis. 
Therefore, it is essential to evaluate the bond strength of 
emerging denture base materials such as zirconia-PMMA 
nanocomposite. At present, no studies are available in the 
literature relating to the evaluation of tensile bond strength 
(TBS) between acrylic teeth and denture base materials 
composed of zirconia-based PMMA nanocomposites.
Hence, the aim of this study was to investigate the 
influence of adding different ZrO2-nanoparticles concentra-
tions (0%, 1.5%, 3%, 5%, 7%, and 10 wt. %) to HI-PMMA, 
on the TBS between acrylic denture teeth and denture base. 
The first null hypothesis was based on the assumption that 
there would be no significant difference in the TBS of 
denture bases made of zirconia impregnated PMMA nano-
composites and pure acrylic denture teeth. The second null 
hypothesis assumed that the British standard provided clear 
guidance on TBS sample preparation and jig design for 
displacing teeth.
Materials and Experimental Method
Denture Base and Tooth Materials
A commercially available, denture base resin and Yttria- 
stabilized zirconia (ZrO2) nanoparticles were used for 
fabricating the nanocomposite denture base specimens.25 
The specifications for the other materials including the 
artificial teeth (cross-linked polymethylmethacrylate with 
colour pigments) used in preparing the denture specimens 
for bond strength tests are presented in Table 1.
Surface Treatment of Zirconia Nanoparticles and 
Grouping
Zirconia nanoparticle surface was treated with 7 wt.% 
silane coupling agent (3-trimethoxysilyl propyl metha-
crylate; product no. 440,159, Lot number. 2530–85-0, 
Sigma Aldrich) to avoid aggregation of the mixture as 
explained in author’s previous publication.25 Based on 
a pilot study, relevant studies in literature and previous 
investigations25 by the authors a decision was made to 
utilize the different weight percentages of silanized 
zirconia nanoparticles in the denture base formulation. 
The composition details of the specimen groups used in 
this study are described in Table 2, all processed using 
an acrylic resin powder-to-monomer ratio of 21 g:10 mL, 
in accordance with the manufacturer’s instructions. With 
increasing weight percentage of zirconia, the bright pink 
color of PMMA slightly degraded to whitish pink as 
detailed in the author’s previous publication.26
Preparation of Denture Teeth
Thirty specimens each containing six maxillary anterior 
teeth (each set consisting of two central, lateral and canine 
teeth) manufactured with acrylic resin were used for the 
preparation of 30 denture specimens for TBS tests. The 
glossy layer was removed from the ridge-lap surfaces of 
the teeth and a groove was made in each using a tungsten 
carbide bur (D B Orthodontics, West Yorkshire, UK) as 
shown in Figure 1. Three different teeth with different 
geometries were selected in this study to analyse their 
geometrical effects on the bonding strength.
Table 1 Materials Used in This Study for TBS Sample 
Preparation
Materials Trade 
Name
Manufacturer Lot. 
Number
High-impact 
heat-cured 
acrylic denture 
base resin
HI 
Metrocryl
Metrodent 
Limited, 
Huddersfield, 
UK
Powder 
(22828) 
Liquide (103/ 
4)
Yttria-stabilized 
zirconium oxide 
or zirconia
Zirconium 
oxide
Sky Spring Nano 
Materials, Inc, 
Houston, TX, 
USA
8522–120315
Acrylic resin 
teeth
Artic 6M 
S40 shade 
A2
Metrodent 
Limited, 
Huddersfield, 
UK
1813342008
Dental Plaster Flasking 
plaster
Saint-Gobain, 
Formula, 
Newark, UK
0411217–3
Type 4 Diestone Metrostone Metrodent 
Limited, 
Huddersfield, 
UK
032218–1
Addition cured 
2-part silicone 
lab putty 1:1
Matrix Duo 
Laboratory 
Putty
Metrodent 
Limited, 
Huddersfield, 
UK
18222–70054
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The groove dimensions for central incisor and canine 
teeth were approximately 2.50 ± 0.10 mm long and 2.50 ± 
0.20 mm wide, but the lateral tooth dimensions were smaller 
by approximately 1.0 mm. Mechanical tooth preparation 
was undertaken as previous studies have reported it may 
enhance the bond at the interface between teeth and denture 
acrylic resin, and thus made recommendations for best clin-
ical practice.17 After preparation, each tooth was thoroughly 
cleaned with pressurized air to remove any dust residue on 
the tooth surfaces that may affect the bonding.
Preparation of Specimens
Specimens were prepared on base plate wax with 
a dimension of 75 mm × 55 mm × 7mm at room tempera-
ture (23°C). On the upper surface of the wax base, 
a rectangular groove 5 mm wide and 1.5 mm deep was 
prepared. The six maxillary teeth were then mounted onto 
the wax groove using heated base plate wax. Excess wax 
attached with the neck, lingual surfaces or incisal portion 
of the teeth was carefully removed.
A denture flask (Bracon limited, UK) was filled with 
dental plaster and Type 4 Diestone and then the specimen 
was removed from the mould. The prepared wax base 
with teeth was then placed onto the Diestone within the 
flask and left to dry for approximately 20 min. Once the 
dental plaster was set, the wax was flushed away with 
boiling water in a dewaxing machine (Labormat SD, 
Dreve Dentamid GmbH, Germany) and the flask cleaned 
with steam (Cape Watch, UK) to remove any remaining 
wax in the plaster mould cavity. Nanocomposite denture 
base resins were prepared by mixing liquid MMA, zirco-
nia nanoparticles and powdered PMMA according to 
Table 2. When the mixture reached a consistent 
“dough” like stage (working stage), it was packed into 
the flask and closed. The flask was then immersed in 
a temperature-controlled curing water bath for 6 hr, to 
allow polymerization to 95°C. Once completed, the flask 
was removed from the curing bath, cooled slowly for 30 
min at room temperature and opened to remove the 
specimen. The specimen was placed in an ultrasonic 
cleaning machine with water (Elma, Birmingham, UK) 
to clean the die stone from the specimen. Any remaining 
die stone was trimmed away using a fine tungsten carbide 
bur (D B Orthodontics, West Yorkshire, UK), and the 
Table 2 Weight Percent Zirconia in Combination with Acrylic Resin Powder as Well as Monomer Content of the Specimen Groups
Experimental Groups Zirconia (wt.%) Zirconia (g) HI PMMA Powder (g) HI MMA Monomer (mL)
G1 (Control) 0.0 0.000 25.000 12.0
G2 1.5 0.375 24.625 12.0
G3 3.0 0.750 24.250 12.0
G4 5.0 1.250 23.750 12.0
G5 7.0 1.750 23.250 12.0
G6 10.0 2.500 22.500 12.0
Figure 1 Photograph of (A) different types of grooved anterior teeth and (B) a sample groove dimensions of a canine tooth.
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specimen finally polished with pumice powder in 
a polishing machine (Tavom, Wigan, UK).
For consistency, the specimen was duplicated using an 
addition cured 2-part silicone putty with a 1:1 ratio to pro-
duce an exact copy of the wax specimen. Figure 2 presents 
the duplication steps. The duplicated wax specimens were 
used to fabricate all thirty specimens following the same 
procedure detailed. The specimens were stored in distilled 
water at 37°C for 7 days before conducting TBS tests.
Tensile Bond Strength (TBS) Test
The thirty specimens were prepared for TBS tests using 
a universal testing machine (Hounsfield Tensometer, H10KS, 
Germany), according to the British standard (BS EN ISO 
22112: 2017).27 A schematic diagram of the specimen with 
the teeth mounted on the nanocomposite denture base with 
dimensions of 75 ± 0.03 mm in length × 55 ± 0.03 mm in 
width × 7 ± 0.03 mm in height is shown in Figure 3.
The specimens were removed from the distilled water 
and placed in the same metal grip former, which was fixed 
at the bottom of the testing machine. A jig was designed to 
pull individual teeth out from the specimens by fixing it at 
the upper cross-head of the universal testing machine. The 
jig was designed in the shape of a tuning fork with two 
adjustable screws in the two legs as shown in Figure 4.
The screws were adjusted to contact the base from both 
sides to tighten the specimen. One screw was located 
underneath the lingual area of a tooth and the other screw 
under the neck portion of the tooth to allow a direct pull on 
the ridge lap area in a labial direction during tensile testing. 
Figure 5 presents image of the experimental set-up when 
a tooth was pulled up.
TBS test was conducted at a crosshead speed of 5 mm/min 
with a pre-load 0.3 N and the load cell capacity was 
1000.7,23,27 The load was applied to individual teeth until 
failure occurred and the maximum breaking forces were 
recorded in Newtons. The broken specimens were checked 
visually and under a microscope to determine whether the 
failure modes were adhesive, cohesive or a combination of 
both.
Examination of Fractured Specimens
The failure modes and mechanisms between the denture 
base and tooth were analysed visually and using an 
optical microscope and a scanning electron microscope 
(SEM) (Carl Zeiss Ltd, 40 VP, Smart SEM). The failed 
specimens were sectioned to the correct size, mounted 
onto aluminium stubs using adhesive and coated with 
a thin layer of Gold/Palladium (Au/Pd) using a sputter 
coater to enhance conductivity. The stubs were then 
placed into a numbered sample holder and loaded into 
the SEM for imaging using a secondary electron detector 
at an acceleration voltage of 2.0 kV.
Figure 2 Photographs illustrating the steps of duplication of wax specimen in the grip former by addition cured 2-part silicone putty: (A) creating silicone putty duplication 
mould, (B) placing maxillary anterior teeth in the duplication mould, (C) placing duplication mould containing teeth in the grip former and pouring denture wax and (D) 
removing final wax specimen from the silicone putty mould.
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Statistical Analyses
The TBSs were recorded in terms of breaking forces and 
statistically analysed using the statistical software (SPSS 
statistics version 23, IBM, New York, NY, USA). A non- 
significant Shapiro–Wilk test showed that the data for 
tensile bonding strength was normally distributed and 
there was homogeneity of variance. A one-way analysis 
of variance (ANOVA) was then used and means were 
compared with a Tukey-post-hoc test at 0.05 significant 
level.
Results
Tensile Bonding Strength
Thirty specimens with a total of 180 teeth in six specimen 
groups were subjected to TBS tests. Typical force vs 
elongation graphs for the different denture base materials 
are presented in Figure 6. The mean TBS values with 
standard deviations are listed in Table 3 for each type of 
tooth and presented as a bar chart in Figure 7. The mean 
TBS values of the groups containing 7 wt.% and 10 wt.% 
of zirconia were significantly lower (P<0.05) than that of 
the control group for all three types of teeth: central (P 
values for 7 wt% and 10 wt% groups: 0.000 and 0.000), 
lateral (P values for 7 wt% and 10 wt% groups: 0.001 and 
0.000) and canine (P values for 7 wt% and 10 wt% groups: 
0.000 and 0.002). Furthermore, in general, the groups 
containing 1.5 wt.%, 3 wt.% and 5 wt.% of zirconia 
showed lower TBS values compared to the control group 
but statistically these were not significantly lower 
(P>0.05). However, TBS between the central incisor 
teeth and denture base group containing 3 wt.% zirconia 
showed the highest mean TBS value (685.7 N), though the 
highest TBS values for lateral and canine teeth were 
recorded with the denture base made of PMMA with no 
zirconia particles (control group).
Figure 8 presents the number of teeth that fractured 
through different types of failure modes for each type of 
tooth. Complete adhesive failure at the interface between 
the teeth and denture base material was not observed for 
any tooth within the six specimen groups. The most com-
mon failure mode was cohesive failure representing 
Figure 3 Schematic diagram of prepared specimen with different dimensions 
(adapted from Kurt et al7).
Figure 4 Photograph of the jig used for pulling teeth from the test specimen.
Figure 5 Photograph illustrating the bonding strength test set-up under tensile 
loading condition using Hounsfield universal testing machine.
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approximately 76% of the total failures. In general, the 
majority of the cohesive failures occurred within the teeth. 
Additionally, a few mixed cases, which combined both 
cohesive and adhesive failures, were observed and these 
represented the rest of the failures.
A strong negative correlation (r2 =0.84) was found 
between the concentration of zirconia and the TBS with 
canine teeth as shown in Figure 9.
Fractured Sample Analysis
In some cases, the failure propagated through the root of 
the groove at the ridge lap area and fractured parts of the 
tooth from two sides of the groove remained in the denture 
base as shown in Figure 10.
Micrographs of fractured surfaces presented in 
Figure 11A illustrated a mixed cohesive and adhesive 
failure, where part of the denture base PMMA resin 
remained on the tooth. In general, at low magnification, 
it appeared that both materials were strongly bonded. At 
higher magnification, a strong bond was further evi-
denced with no gap at the material interface at one 
part, but a small interfacial gap was observed indicating 
a possible weaker bond. A strong bond was also evi-
denced by a layer of base material attached on the tooth 
in Figure 11B. Figure 11C illustrates a cohesive failure 
fracture within a tooth in a specimen of the group 
containing 10 wt.% zirconia and cracks were visible 
on the remained layer of the tooth surface at low 
Figure 6 Line graph showing the representative force vs extension graphs for different test groups during TBS tests.
Table 3 Mean and Standard Deviation (SD) of Tensile Bond Strength Values (N) with a Count of Teeth Failure Types
Experimental Groups Tensile Bonding Strength (N) (± SD)
Central Lateral Canine
G1 (Control, 0%) 645.4 (84.8)A 306.1 (81.6)A 496.7 (179.1)A
G2 (1.5%) 534.4 (115.3)A 304.7 (86.4)A 514.0 (143.2)A
G3 (3%) 685.7 (159.6)A 281.1 (78.3)A 462.6 (122.1)A
G4 (5%) 514.5 (134.3)A 229.8 (67.3)A 387.2 (99.4)A
G5 (7%) 261.5 (66.0)B 172.5 (57.4)B 271.9 (86.3)B
G6 (10%) 332.1 (122.9)B 165.4 (48.7)B 301.6 (73.2)B
Notes: Within a column, cells having similar (upper case) letters are not significantly different from the control (0% zirconia content) value; N = 10 specimens per group.
International Journal of Nanomedicine 2020:15                                                                          submit your manuscript | www.dovepress.com                                                                                                                                                                                                                       
DovePress                                                                                                                       
9617
Dovepress                                                                                                                                                            Zidan et al
magnification (50×). However, at higher magnification, 
the propagation of cracks and their direction were 
clearly visible.
Discussion
Tensile Bond Strength (TBS) of acrylic teeth in denture bases 
made from HI PMMA with zirconia nanoparticles was eval-
uated. Mechanical retention techniques such as ridge lap 
surface preparation and grooves were applied to increase 
the contact surface area between the tooth and denture base 
in order to form an effective interlocking system. Following 
these investigations, the original research hypothesis was 
partially accepted. TBS values of acrylic resin teeth bonded 
to high-impact PMMA resin reinforced with small concen-
tration of zirconia nanoparticles (1.5 wt.%, 3 wt.% and 5 wt. 
%) showed no significant difference compared to the pure 
PMMA resin (control group). However, the TBS values for 
PMMA resin reinforced with higher zirconia concentrations 
(7 wt.% and 10 wt.%) were significantly lower than those of 
the control group. With few exceptions, a general trend of 
Figure 7 Bar chart showing the mean and standard deviation of TBS values between anterior teeth (central, lateral and canine) and denture base nanocomposites.
Figure 8 Bar chart showing the modes of tooth failures in the studied groups.
Figure 9 Correlation between zirconia nanoparticle concentrations and tensile 
bond strength for canine teeth.
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decreasing bond strength with increasing zirconia concentra-
tion was observed for all three tooth types. There was 
a strong correlation (r2 = 0.85) between zirconia and TBS 
for canine teeth due to the larger contact surface area present. 
However, for the central incisor tooth with 3 wt.% and the 
canine tooth with 1.5 wt.% reinforcement, the results demon-
strated a higher TBS value when compared to the pure 
PMMA group. A disruption in the trend was also noticed 
for the central incisor and canine teeth where the bond 
strength at 10 wt.% zirconia was slightly higher than that at 
7 wt.%. In this study, it was clear from the failure behaviour 
that all the denture base nanocomposites passed the TBS test 
according to the standard, as there were no pure adhesive 
failures.
Tensile bond strength values available in literature can-
not be directly compared with the reported studies due to the 
difference in materials or mechanical properties of the arti-
ficial denture teeth, denture bases, methods of polymeriza-
tion used and type of evaluation method applied.2,6 In 
addition, several countries have their own national specifi-
cation standards.28 It is also worth detailing that other 
studies presented the bond quality in terms of strength 
(MPa) calculated by dividing the breaking force with a flat 
contact area at the interface. Unfortunately, these results 
cannot be compared as the contact areas were not flat but 
grooved in this study.7 However, the tooth preparation and 
sample making procedure used in this study were compar-
able to that used in clinical practice, rather than an “idea-
lised” situation creating a flat surface on the tooth. Only two 
other studies, which followed a comparable specimen shape 
and tensile testing procedure, were found in the literature. 
One study did not report the breaking force during testing as 
the bond quality was defined by the failure modes only, 
where 26 tooth debonding occurred through adhesive fail-
ures only.29 The other study7 created a flat surface on the 
ridge lap area (5 mm × 5 mm) to measure the bond strength 
(17.65 MPa) between the acrylic resin polymer tooth and 
a conventional heat-polymerized PMMA denture base 
material. The equivalent breaking force (441.25 N) was 
smaller than the results observed in this study in the groups 
with lower zirconia concentrations. Furthermore, 57 tooth 
failures were determined through adhesive modes versus 
none via this mode for all groups in this study. This demon-
strated that HI heat-cured PMMA or zirconia-PMMA 
Figure 10 Photographs of (A) canine tooth with groove (dotted boxes highlight the failed area), (B) broken canine tooth from groove root, (C) part of the denture base 
with broken parts of tooth from the groove (dotted areas in B and C highlight matching broken surfaces in tooth and HI PMMA nanocomposite body) and (D) filling of tooth 
groove by denture base material.
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nanocomposites could be a better choice to improve the 
integrity of denture base.
Cardash et al evaluated TBS comparing no retentive 
features against horizontal and vertical grooves on the 
ridge lap area with central incisors, lateral incisor and 
canine teeth bonded to standard and high impact denture 
base resins.23 The findings showed that the highest TBS 
results were obtained with canines bonded with the aid of 
vertical retention grooves. An increased surface area on 
the ridge lap for bonding to acrylic resin, along with the 
Figure 11 SEM images of fracture surfaces: (A) mixed cohesive failure with part of denture base material on tooth surface, (B) mixed cohesive failure with layer of denture 
base material on tooth surface and (C) cohesive failure within tooth showing cracks and their propagation on the fractured tooth surfaces.
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vertical groove supporting the mechanical retention of the 
canine were attributed to this. This was in agreement with 
the current study, where the improvement in TBS was 
greater for central incisor and canine teeth rather than the 
lateral incisor teeth. The lower bonding strengths asso-
ciated with the lateral incisors could be due to the rela-
tively smaller contact area at the ridge lap, smaller 
retention grooves, and smaller protruding areas left on 
both sides of the ridge lap area for effective pulling during 
tensile testing.
The reason for the apparent reduction in bond strength 
at higher zirconia concentration is not quite clear. Sprately 
suggested that during specimen fabrication a rougher sur-
face might trap more wax residue, which could lead to 
a lower bond strength. With higher zirconia concentra-
tions, surface roughness in the denture base might 
increase, thus resulting in a decreased bond strength.30 In 
addition, particle clustering found at higher zirconia con-
centrations, particularly in Group 5 (7 wt%) and Group 6 
(10 wt.%) could reduce the interaction between the tooth 
and base materials leading to a weaker bond.25 However, 
the absence of any significant adhesive failure in this study 
does not fully support this assumption. Studies designed 
by Suzuki et al31 to evaluate the relationship between 
adhesive bonding and surface hardness showed that the 
highly cross-linked resin teeth with higher hardness had 
poorer bonding to denture base resin compared to normal 
conventional acrylic teeth having less cross-linking char-
acteristic. In this study, the relative increase in hardness of 
the denture base with the increase in zirconia 
concentration25 could affect the bond strength. However, 
this needs further investigation.
According to British Standard (BS EN ISO 22112: 
2017),27 when the mode of tooth failure occurs cohesively, 
it means that the bond strength was successfully achieved. 
In the present study, the vast majority of specimen failures 
in all the experimental groups occurred in a cohesive 
manner with the denture teeth leaving a layer of tooth 
material on the denture base. In contrast, a relatively 
a small number of teeth (24%) showed a combination of 
cohesive and adhesive failure occurred on denture base 
and/or teeth. These findings are also in agreement with the 
results presented by other studies.32
In this study, a small increase in zirconia concentration 
led to a reduction in the bond strength. Therefore, the 
nanocomposite denture base material might play an impor-
tant role in maintaining the integrity of the denture. Even 
with optimum zirconia concentration, the denture base 
nanocomposite did not show any improvement in TBS 
values over pure PMMA. However, in all cases no adhe-
sive failure or cohesive failure within the denture base was 
observed. This could indicate that mechanical interlocking 
and chemical bonding at the interface were strong enough 
to maintain the integrity of the denture.
From the failure modes, failure statistics and fracture 
surface characteristics, it was clear that successful bonding 
was achieved. Therefore, the integrity of the bond was 
limited by the strength of the tooth rather than the strength 
at the interface or denture base.22 Robison et al also 
reached the same conclusions, whereby the bond strength 
was determined by the strength of the denture teeth, which 
could be affected by the processing technique.32 The Artic 
6 acrylic teeth used in this study contained multilayer 
structures. Therefore, during tensile testing, the applied 
load on the lingual surface near the incisal third of the 
tooth caused high stress not only at the tooth-denture base 
bond, but also within the tooth, leading to cohesive failure 
of the teeth.9 Figure 11C shows the different layers in 
a fractured tooth surface. Other studies have also shown 
that newly developed composite/nanocomposite tooth 
types did not appear to show any improvement over the 
existing acrylic teeth. However, the addition of monomers 
to the tooth surface did increase the shear bonding 
strength.33
A study conducted by Clancy et al assessed the TBS on 
heat-cured and auto polymerization resins with two types 
of denture teeth (regular acrylic and IPN abrasion- 
resistant). The findings illustrated that the highest TBS 
was obtained with heat-cured resin bonded to regular 
acrylic teeth, and they suggested this was because the heat- 
cured resin underwent complete polymerization when 
compared to the auto polymerization resin. Moreover, the 
degree of cross-liking also affected the TBS. Furthermore, 
the regular acrylic teeth having less cross-linking than the 
abrasion-resistant IPN teeth showed significantly higher 
bond strength to heat-cured acrylic resin.34 It is also 
expected that the regular teeth and heat-cured PMMA 
used in this study formed a better chemical compatibility 
to create a stronger bond.
In this study, a number of good practices were followed 
during the specimen preparation, which included thor-
oughly cleaning wax at the ridge lap area, creating reten-
tion groove in the teeth, using teeth with cross-linking 
characteristics, adding MMA monomer (liquid) on the 
ridge lap surface of the tooth and strictly following the 
manufacturer’s instructions during polymer processing.35 
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It was believed that the application of these good practices 
optimized the processing conditions and made the bond 
strength as high as possible in order to resist debonding 
under the application of tensile loading. The absence of 
a single adhesive failure also indicated that specimen pre-
paration was consistent for all teeth. The findings from this 
study could influence future clinical practices when pre-
paring denture base materials, thus resulting in reduced 
numbers of tooth failures, reduced denture repair visits to 
the clinical provider and increased patient satisfaction.
In the mixed mode failure, small areas of adhesive fail-
ure appeared on the incisal side of the tooth where the load 
was applied. However, the fracture propagated into the 
denture tooth body and failed cohesively. Cohesive tooth 
failure in the groove area has been observed in other 
studies.8,36 Therefore, this fracture behaviour indicated 
that the teeth were more brittle or less strong than the 
nanocomposite denture bases. Evidence was found that 
the grooves were filled by the denture base acrylic leading 
to an increased mechanical retention and improved bond 
strength by effectively locking the teeth into the denture 
base.8,23 Vallitu36 also attributed the stronger bond to pene-
tration of the denture base resins into the grooves, and 
greater contact surface area.
Another outcome of this study was that a number of 
shortcomings were identified in the British Standard used 
to conduct the tests, and the second null hypothesis has 
been rejected. Firstly, it does not specify any minimum 
breaking force or strength for assessing an acceptable bond 
quality, which was only defined by the type of failure. 
Secondly, the standard does not specify the unit of the 
bonding strength to be used in terms of maximum break-
ing forces in N or stress in MPa, and does not provide any 
guidance in making the ridge lap surface flat for calculat-
ing the bond strength by dividing the contact area with the 
maximum tensile breaking force. Again, displacing teeth 
from both sides does not represent the real clinical sce-
nario during mastication as a combination of other types of 
forces such as shear or bending forces could also be 
involved. It was found that setting up the pulling head 
with different tooth types was also very challenging due to 
its inherently poor design, which could cause inconsisten-
cies in test results. Therefore, a revision of the standard in 
the light of the above points could be beneficial for report-
ing test results in a consistent manner.
Variations in TBS values were somewhat higher due to 
the scattering of results. Previous investigations also reported 
high variation in the bond strengths.7,35 High repeatability of 
specimen fabrication could be an important factor in obtain-
ing consistent bond strength results. Careful attention was 
given during denture base, tooth and denture specimen pre-
paration and fabrication. However, any inconsistency in 
tooth grinding or grooving, positioning of teeth on the den-
ture specimen base in terms of contact surface area at the 
ridge lap, depth of ridge lap into the base and length of tooth 
protruding from either side of the base could cause incon-
sistency in the tests undertaken. Experimental error during 
tensile testing could also come from minor errors in position-
ing the teeth with respect to the adjusting screw in the pulling 
head. This could be due to only a small protruding part of 
a tooth engaged with the screw in the pulling head. 
Additionally, one screw was pulling from one side and the 
other screw was not fully engaged due to minor geometrical 
inconsistency in the denture specimens or differences in 
tooth geometry on the two sides of the ridge lap area.
In this study, only mechanical modifications of the tooth 
surfaces were conducted through grinding and grooving. 
Further investigations need to be carried out to evaluate the 
effect of other surface treatments on the tooth ridge-lap such as 
monomer and adhesive bonding of the teeth with low and high 
cross-linking characteristics. Moreover, the influence of types 
of teeth having different mechanical properties (eg, surface 
hardness) could also be studied to select appropriate teeth for 
achieving maximum bonding with zirconia impregnated den-
ture base nanocomposites. More recently, it was found that 
shear bond strength was significantly improved when surface 
treatments were carried out by laser compared to mechanical 
and/or chemical surface treatments.37 This option could also 
be explored in future to further improve the bond strength of 
zirconia-PMMA nanocomposites. Considering the current 
limitation of the test procedure following the British 
Standard other testing methods such as micro shear tests 
could also be explored to obtain more accurate results.38 
Attempts to improve bond strengths by chemical or mechan-
ical modification of the ridge lap surface of denture teeth have 
also been investigated.39 A combination of mechanical mod-
ification by removing ridge lap surface glaze, followed by 
chemical treatment such as the application of dichloromethane 
was recommended to achieve the best bonding result.
The major limitation of this work was the in-vitro nature of 
the bond strength tests, where tooth failure was simulated 
under idealised static loading conditions, which may not be 
comparable to “real life” in-vivo conditions where multiple 
combinations of variable cyclic loading exist. Therefore, 
extrapolation of the in-vitro bond strength failure results may 
not be directly applicable under clinical conditions. Another 
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limitation of the work was not considering the effect of artifi-
cial ageing such as bringing the samples in contact with 
disinfectants or applying thermal cycling. Studies have 
shown that bond strength between acrylic teeth and denture 
base resins could be affected by aging processes such as 
thermocycling procedure, which could decrease the overall 
bond strength.40,41 Baia et al42 concluded that prolonged 
bleaching either post- and pre-restoration using 4% hydrogen 
peroxide decreased tooth bonding. However, in another study, 
decreased bond strength was found in teeth bonded to CAD/ 
CAM and 3D printed denture base resins, when compared to 
the heat cured acrylic resin, with no significant influence 
following aging.43 Matos et al5 also demonstrated that bond 
strength between denture teeth and microwave-cured acrylic 
resin denture base could be reduced when under the influence 
of disinfectants. Given these outcomes, similar studies could 
be replicated to understand the effect of artificial aging on the 
tooth bonding strength with the nanocomposites in this study.
Clinical Implications
The results obtained from this in-vitro investigation sug-
gest that the tensile bond strength between high-impact 
heat-cured PMMA denture base impregnated with small 
quantities of zirconia nanoparticles and acrylic teeth were 
equally good when compared to the same with pure 
PMMA, while also providing improved mechanical prop-
erties than the latter. An appropriate concentration of zir-
conia (between 1.5 wt.% to 5 wt.%) should be considered 
to maximize the bond strength in clinical practice.
Conclusion
Within the experimental limitations of this in-vitro study, 
the following conclusions can be drawn.
The tensile bond strength (TBS) between tooth and HI 
PMMA denture base nanocomposites with 1.5 wt.%, 3 wt. 
% and 5 wt.% of ZrO2 was not significantly different than 
the control group (without zirconia). However, the nano-
composites with 7 wt.% and 10 wt.% zirconia displayed 
relatively poorer strength compared to the control group. 
Among the denture base nanocomposites, 3 wt.% zirconia 
impregnated PMMA could be the optimum denture base 
material for obtaining highest bonding strength, which 
could be comparable to pure PMMA resin.
The most common mode identified was cohesive fail-
ure through fracture within the teeth. A few mixed modes 
in combination with cohesive and adhesive failures were 
also observed but no pure adhesive failure at the interface 
between the teeth and denture base, an indicator of poor 
bonding, was recorded. The results also suggested that the 
tooth failure in denture was not limited by the bond 
strength or strength of denture bases rather the strength 
of the teeth.
Abbreviations
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